A novel wavelength-selective photonic time-delay filter is proposed and demonstrated. The device consists of an optical phased-array waveguide grating in a recirculating feedback configuration. It can function as a true-time-delay generator for squint-free beam steering in optically controlled phased-array antennas and as an encoding -decoding filter for wavelength code-division multiple access. © 1996 Optical Society of America Broadband phased-array antennas require true-timedelay devices at each antenna subarray to limit beam squint. Currently, true time delay (TTD) for largeaperture antennas is realized by switched lengths of coaxial cable that are bulky and lossy at high radio frequencies. In addition, switching and control functions become extremely complex, and even low-frequency operation with a large number of antenna element feeds becomes difficult. Optical techniques have been proposed as a potential alternative to improve performance of rf systems for which electromagnetic interference, microwave transmission loss, coaxial cable size and weight, and complex beam forming networks are issue of concern. One can obtain time delay optically by impressing the rf signal onto an optical carrier, which can be delayed in relatively low-loss optical f iber. However, for systems that require a large number of delays the large insertion losses associated with the optical switching network that selects the appropriate delay line are a serious limitation. We propose and demonstrate a photonic filter that uses the optical carrier wavelength to select the desired time delay, thus establishing a one-to-one map between the optical carrier wavelength and the desired antenna direction.
Broadband phased-array antennas require true-timedelay devices at each antenna subarray to limit beam squint. Currently, true time delay (TTD) for largeaperture antennas is realized by switched lengths of coaxial cable that are bulky and lossy at high radio frequencies. In addition, switching and control functions become extremely complex, and even low-frequency operation with a large number of antenna element feeds becomes difficult. Optical techniques have been proposed as a potential alternative to improve performance of rf systems for which electromagnetic interference, microwave transmission loss, coaxial cable size and weight, and complex beam forming networks are issue of concern. One can obtain time delay optically by impressing the rf signal onto an optical carrier, which can be delayed in relatively low-loss optical f iber. However, for systems that require a large number of delays the large insertion losses associated with the optical switching network that selects the appropriate delay line are a serious limitation. We propose and demonstrate a photonic filter that uses the optical carrier wavelength to select the desired time delay, thus establishing a one-to-one map between the optical carrier wavelength and the desired antenna direction.
The proposed device also has application in wavelength hopping optical code-division multiple access (CDMA). CDMA is a practicable network control strategy because it overcomes the limitations of switching time associated with optoelectronic devices and the processing delay associated with network protocols. CDMA, however, has its limitations associated with cross talk of its codes and the bandwidth requirements, so optical CDMA has not been a contender in any of the gigabit system test-bed concepts. 1 However, cross-talk limitations in CDMA codes may be reduced through innovative code design, and the bandwidth limitations can be reduced through coding of multiple attributes. 2 Although such multiattribute codes have been proposed for time and space, they can be extended to other waveform attributes, e.g., time and optical wavelength. 1 The recirculating photonic f ilter (RPF) is ideally suited for performing the function of an optical CDMA encoder-decoder, encoding a data bit in both wavelength and time domains. Such codes have been shown to increase network security and correlation properties of the codes. Fig. 1(b) ] in a symmetric feedback (recirculating) configuration. The modulated optical carrier is steered by the waveguide grating to the appropriate integrated delay line, depending on the carrier wavelength. The signal is delayed and is fed back into the symmetric input port. The grating then focuses the delayed beam into the common output port. This TTD can be considered topologically equivalent to two phased-array waveguide gratings in series with a delay element between. Thus three sequential operations are performed: wavelength demultiplexing, time delay, and wavelength multiplexing. The advantages of the recirculating structure compared with the two devices in series are twofold: the structure occupies roughly one third of a chip area and, more importantly, this configuration ensures that the filters that perform the multiplexing and demultiplexing have identical spectral responses (the same f ilter does both). Because of inevitable process-related variations, any two devices will have slight variations in their spectral response, rendering the series-connected approach inoperative. It is important to note that the recirculating photonic filter has no 1͞N loss; all the power at a given wavelength is diffracted into the output port. Furthermore, high resolution (6-8 bits) can be obtained in a compact integrated device.
A prototype RPF TTD device was realized by use of an eight-channel arrayed-waveguide grating demultiplexer with 0.8-nm channel spacing (free spectral range 6.4 nm) whose passband spectrum is shown in Fig. 2 . The device is based on silica waveguide technology and operates in the 1.5-mm wavelength range. 4 The total optical insertion loss for each wavelength channel is ϳ 6 dB. The passband spectrum reveals slightly nonuniform insertion loss and interchannel cross talk. As rf detection and phase information are of concern, small variations in insertion loss suffered by individual wavelength channels are not relevant. However, cross talk could result in pathlength ambiguity in the feedback, resulting in phase error for the rf signal, and needs to be low. The cross talk for arrayed-waveguide grating f ilters used was ϳ26 dB; however, values below 30 dB have been reported. 4 Light from an external cavity tunable laser was directly rf modulated at 10-40 MHz and was coupled into the arrayed-waveguide grating chip. Obviously, by using external modulation (e.g., high-speed Mach-Zehnder modulators) one can extend the RPF TTD technique to the microwave and millimeter-wave ranges. The output was detected by an InGaAs p-i-n photodiode, and time -phase measurements were performed with a digital oscilloscope. Input coupling and output coupling were achieved by multifiber ribbons. Feedback delay lines consisted of optical fibers of different lengths connected among four symmetric pairs of input and output ports.
Time delay can be obtained from the slope of the rf phase versus its frequency. The measured data at four different optical wavelengths are shown in Fig. 3 . For each measurement the phase of the delayed signal is measured with respect to the center frequency, i.e., the direct path through the device. The delays associated with the direct path, the photodetector, and the electronics are thus canceled, yielding the true delay of the feedback line. The time delays obtained from phase-frequency measurements are 5, 10, 25, and 30 ns for l 1541.1, 1542.7, 1545.9, and 1544.3 nm, respectively. The approximate lengths of the off-chip fiber feedback lines for these time delays were 0.75, 1.52, 3.8, and 5.5 m, respectively. In a monolithic version, the feedback lines can be integrated on the same chip as the arrayed-waveguide grating. In this way, subpicosecond incremental delays can be achieved with submicrometer precise delay length. The results clearly demonstrate the ability to use the optical wavelength to switch among various rf time delays. Furthermore, as expected, the delay has the desired property of being independent of rf. Figure 4 shows one possible implementation of the RPF in a system architecture proposed by Lembo et al. 5 for a parallel fed antenna array. The RPF TTD feeds each subarray, providing a particular delay for a given optical wavelength. The antenna is timedelay steered at the subarray level and phase steered at the element level. The magnitude of time delay depends on the dimension of the phased-array antenna, the maximum steering angle u max , and the rf. The maximum delay is ͑Ml rf ͞2c͒sin u max , where M is the number of elements, l rf is the rf wavelength, and c is the velocity of light. Assuming a rf of 5 GHz, a 72 3 72 element array, and a maximum angle of 60 ± , the maximum delay is 6.24 ns. Typically, the time delay is quantized in units of one rf wavelength with phase shifters providing subperiod control at the subarray level. 5 The total number of discrete time delays is then (M͞2͒sin u max ϳ 32, or 5 bits. The total delay corresponds to an ϳ128-cm length of silica waveguides. Recently silica waveguide delay lines up to 100 cm were demonstrated. 6 Thus it is anticipated that the necessary delay lines can be readily integrated on a single substrate.
The stability of the RPF pass band with respect to temperature variations is a critical issue and must be evaluated. Temperature-induced shift in the passband frequency arises primarily because of the temperature dependence of the refractive index. This can be estimated to a reasonable degree of accuracy by the linear dependence. The temperature dependence of the passband frequency is then given by df ͞dT ͓c͑͞n c 2 l͔͒͑dn c ͞dT͒. In silica waveguide technology the temperature coeff icient of the refractive index is approximately 1 3 10 25 ͞ ± C, resulting in a thermal shift of 1.03 GHz͞ ± C. Thus silica-based waveguides exhibit excellent temperature stability. For applications that require stability in extreme temperature conditions the RPF TTD substrate can be temperature controlled by thermoelectric elements.
The proposed device can also function as an encoder-decoder for wavelength CDMA. It converts optical pulses into time-stretched coded bit streams for which each 1 (a chip) is at a different optical wavelength. The input pulse that has a spectral width identical to the free spectral range of the RPF will be coded into a bit stream with each chip at a unique wavelength as determined by the delay in each recirculating feedback path. By incorporating switchable path lengths into each wavelength feedback path one can achieve arbitrary chip positions that correspond to individual code sequences. The code weight, corresponding to the total number of chips in the code, is f ixed by the number of wavelength channels in the RPF. Thus each data bit is coded in both optical wavelength and time domains. Multidimensional (wavelength and time) CDMA significantly enhances network security and facilitates simultaneous communication among a large number of nodes. 3 A similar filter with inverted wavelength-delay length mapping functions as a matched filter in the receive mode. It produces a perfect autocorrelation with zero sidelobes for arbitrary CDMA coding patterns in wavelength and time domains.
In conclusion, we have demonstrated a recirculating photonic filter that can realize time delay for applications in phased-array antenna feeds and optical CDMA coders-decoders. A monolithic device with integrated feedback delay lines with as many as 64 wavelength channels seems achievable with current silica-waveguide technology.
